Summary The previously reported earlier onset of pituitary tumours in cross-bred mice inheriting a mutant Rb-1 allele paternally has been ascribed to imprinting of an Rb-1-linked gene. Here, we demonstrate that, as predicted from this mechanism, there is no effect of the parent of origin of the mutation in inbred mice.
Retinoblastoma is a childhood tumour that occurs in sporadic and familial forms. Knudson (1971) proposed that it results from two genetic events, one of which is already present in the germline in familial cases. Subsequent work has confirmed this hypothesis and shown that each event involves loss or inactivation of one allele of the RB-1 tumour-suppressor gene (reviewed by Knudson, 1993) . RB-I allele losses are also seen in sporadic tumours of other types, of which osteosarcomas are unusual in that the losses appear to involve preferentially the maternally derived allele (Toguchida et al, 1989) , suggesting a role for genomic imprinting (Barlow, 1995) .
Mice heterozygous for an inactivating mutation at the corresponding Rb-I locus do not develop retinoblastoma but instead develop pituitary adenocarcinomas (Jacks et al, 1992; Hu et al, 1994; Williams et al, 1994; Harrison et al, 1995) . In cross-bred mice, i.e. mice that result from intercrossing two inbred strains, this results in shorter lifespans in heterozygous mice that inherit the mutant allele paternally than in those that inherit it maternally (Harrison et al, 1995; Nikitin et al, 1997) . The genetic background of the mice used by the former authors was a mixture of 129/Ola and BALB/c; the latter authors do not explicitly state the background of their mice but imply that it was a mixture of 129/Sv and C57BL/6. The latter authors found, however, that parental origin did not influence Rb-I expression and that Rb-i homozygotes rescued by a human RB-I transgene had similar survival rates irrespective of the parental origin of the transgene, and proposed that imprinting affected not the Rb-i gene itself but a linked locus. However, the possibility that the lack of effect of parental origin on tumorigenesis in the transgenic mice was a result of species differences between mouse and human could not be formally excluded. Here, we present a more stringent test of their hypothesis. Implicit in their reasoning is that in their cross-bred mice the linked, imprinted locus retained heterozygosity for an interstrain polymorphism that influenced tumorigenesis: if this locus were homozygous, the consequences of inactivating the maternally and paternally derived alleles would be identical. This leads to the prediction that there should be no effect of parental origin of the mutant allele in heterozygous inbred mice. We demonstrate below that this prediction is correct.
MATERIALS AND METHODS
All work with mice was carried out under licence from the Home Office and in accord with the UKCCCR Guidelines for the Welfare of Animals in Experimental Neoplasia. The generation of mice carrying a mutant copy of Rb-i, inactivated by the insertion of a neo cassette into exon 19 in strain 129/Ola-derived E14 ES cells, has been described previously (Clarke et al, 1992) . The cohort used in this study was from a stock established on an inbred strain 129/Ola background by mating male chimaeras to strain 129/Ola females and then mating heterozygous offspring of either sex to strain 129/Ola partners. Mice were genotyped by polymerase chain reaction (PCR) using DNA extracted from tail tips. A three-primer system was designed to allow the wild-type allele to be amplified using an upstream primer within intron 18 (5'-ACCAGATGTGATGTAGTGAC-3') and a downstream primer within intron 19 (5'-TCCATGAGTCTGAGCTCTT-3'). A second upstream primer specific for the neo cassette (5'-TCGCCTTC-TATCGCCTTC-3') allowed amplification of the targeted allele. A hot-start protocol was used followed by 35 cycles of 94°C (1 min), 58°C (I min) and 72°C (1 min), with a final extension time of 10 min. The products observed were a single band of 590 base pairs for wild-type animals, with an additional band of greater than 650 base pairs for heterozygotes.
Animals were monitored closely and killed by cervical dislocation as soon as signs of ill health were observed. Autopsies were carried out routinely and in some cases tumours were removed into formalin fixative, embedded in paraffin wax, sectioned and stained with haematoxylin and eosin.
Survivorship functions were calculated using the KaplanMeier method, and survival curves were compared using the Mantel-Haenszel test (see Lee, 1992) . Figure I shows the survival of inbred heterozygous mice classified according to the parent of origin of the mutant allele. Thirty of 43 mice with a paternally derived mutant allele and 26 of 30 mice with a maternally derived mutant allele were found on autopsy to have pituitary tumours. When histological analysis was carried out (19 mice in the former group and 12 in the latter), the presence of tumours was confirmed in all cases. Data from mice without pituitary tumours (the most common abnormalities in this group were severe eye infections, which were also seen at a similar frequency in wild-type 129/Ola mice of similar age) were treated as censored observations (Lee, 1992) . No statistically significant difference is present between the two survival curves in Figure 1 (x21 = 0.405, P > 0.05).
DISCUSSION
Effects of the parent of origin of the mutant Rb-I allele in cross-bred heterozygous mice seen in previous studies were based on smaller numbers of mice than were studied here. Harrison et al (1995) compared 29 mice known to have inherited the mutation paternally with a population of 51 mice which were derived from matings in which both parents carried the mutant allele and therefore only about half of which carried a maternally derived mutant allele and observed a significant difference even in the presence of the additional statistical noise caused by the use of a mixed population.
Nikitin et al ( 1997) observed a highly significant difference between a group of 33 mice that had inherited the mutation maternally and a group of 12 that had inherited it paternally. Had a difference of similar magnitude been present in the present study, therefore, it would have been readily detected. We conclude that no effect of parent of origin of the mutation on pituitary carcinogenesis is present in these inbred mice, as predicted by the hypothesis that the effect seen in cross-bred mice is due to imprinting of an Rb-Ilinked gene.
